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ABSTRACT

A phase separator, which separates helium vapor from liquid superfluid helium (He 1),
is an indispensable device for space cryogenics. The most recent approach to the Space
Infrared Telescope Facility (S1 RTF) uses a new design concept in which onty the detector
package is coldat launch, the remainder of the telescope being subscquently cooled to
operating temperature on orbit, Therefore, a large dynamic operational range is required of
the cryogen system. This is a report of initial laboratory test results with candidate porous
plugs as phase separators. Mass flow rates and pressure and temperature differences across
a porous plug were measured in this experiment. Relatively large mass flow rates were
observed even at small pressure differences. In the high mass flow rate region, a hysteresis
was observed with increases and decreases of the pressure difference. A linear theory is
proposed and compared with experimental data to explain several phenomena observed in
this system.

INTRODUCTION

A phase separator is of crucial importance for the efficient containment of He 11 for
space missions'’, A phase separator is composed of some sort of porous plug. The key
mechanism to separate the vapor phase from the liquid He 11 is the thermomechanical effect,
aclin;‘; n the superfluid component, due to the temperature difference across a porous
plug*®.  The superfluid component is driven toward tbc storage volume, where the
temperature is higher than that at the space side where He 1l is evaporating. Consequently,
the net mass flow rate of He Il may be enough reduced to prevent bulk liquid He 11 from
leaking out through a porous plug, because the superfluid component flows in the opposite
direction to the net flow. It is important for the design of a cryostat to consider the basic
characteristics of the mechanism for mass and heat transportation through the porous plug.

EXPERIMENTAL SETUP ANI) TEST PROCEDURES

A schematic illustration of the experimental setup is shown in Figure 1, The apparatus
is composed of four parts: the porous plug, the helium dewar, the evacuation system for the
main helium bath, and the porous plug’'s evacuation systcm. The helium dewar is made of
glass to permit visual observation of the liquid/vapor phase boundary in the outer bath. The
porous plug is fixed at the bottom of the evacuation tube, which is adjustable in the vertical
direction to follow variations in the liquid level of the outes bath. A test porous plug is made
of sintered dtainless steel (Pernmaflow, Inc.). The diameter, d, is 25.4 x 10°m and the

thickness, 1, is 6.3 x 10*m. The porosity E, the permeability K,, and the mean pore radius
R, are 0.21, 3.92 x 10"m?, and 4. | x 10%, respectively. The R is calculated from a
Blake-Kozcny equations. The porous plug is attached to its mount with a leak-tight iridium

seal. The iridium closes some pores on the surface of the plug. The effective cross-sectional
area, A, is 3.84 x 10“*m? and this value is used for theoretical calculations,
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Figure 1. Schematic illustration of the experimental setup

The temperature of the helium bath and of the downstream Side of the porous plug are
measured by gerimanium resistance thermometers (GRTs). Each thermometer is excited by a
10 pA DC current. The pressure difference between these locations is measured by a
precision piczo resistive pressure transducer. The volumetric flow rate is measured by a
HASTING Model HEM 200H flow meter at the exhaust side of we evacuating pump. The
mass flow rate, 1, is obtained by multiplying the measured volumetric flow rate by the
density of helium gas under atmospheric conditions.

THEORETICAL CONSIDERATION OF THE PHASE SEPARATOR

When a phase separator is successfully operated and relatively high pressure or
temperature difference is created across a plug, the liquid/vapor boundary may be located
within the porous plug®. Therefore, we have to consider the heat and mass transport
mechanism present in the vapor and liquid phases. In the case where the. entire plug is
occupied with helium vapor, a mass flow rate is obtained from Darcy’s law

Ak
= P2Ke pp 1)
/

v

1lcre, the p and 1) represent density and viscosity. The subscript v represents helium vapor.
The AP stands for the pressure difference bet ween the upsticam and the downstream sides of
the porous plug. The equation suggests that the mass flow rate is proportional to Al and the
cross-sectional area of the porous plug, A, and is inversely proportional to length 1.

In the liquid phase, the heat and mass transport is described by the two fluid theory of
the superfluid stale proposed by l.andau. If the entire plug, is occupied by liquid He 11, the
mass flow rate, 11, is written as

g
po= P32
(L+Snnl

llere, T, S, and L. indicate temperature, entropy, and latent heat of vaporization,
respectively. The subscript n indicates the normal fluid component.

We propose a model for the pressure distribution inside a porous plug, as shown in
Figure 2.
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Figure 2. A model of pressure distibutionin a porous plug

The location of the liquid/vapor phase boundary can be calculated from ¥q. (1) as

L= {p.Ax, i) (P - 1) @

The tetm |V represents the distance from the downstream surface of the porous plug to
the liquid/vapor phase boundary. The term P, is the pressure of thic downstream surface of

the porous plug, and P, is the vapor pressure of helium al the liquid/vapor boundary inside
of the porous plug, which we write as

2
P = T+ Ph+ - co5(6) - pSAT,

T )
=Ty + = cos(6)- pSAT,  (as B, =B, 4 pgh)

Here, ¢ is the surface tension of Hell and 6 is the contact angle between liquid and wall.
The term g represents the acceleration due to gravity and h is the height of the liquid surface

in the outer bath above the bottom of the porous plug. - ; l .
difference between the outer bath and the liquid/vapor phase Boutdiry: 1A Sy e

The term pgh is the hydrostatic pressure duc to the penetration depth of the porous plug. The
term 20 cos(0) / R accounts for the difference in saturated vapor pressure of a curved surface
relative to that of a plancr surface; within the pores, of radius K, the fluid meniscus is
assumed to have a spherical surface of radius K/ cos(8). The term pSAT,stands for the
thermomechanical pressure.

Wec note from Eq. (1) and Eq. (2) that these equations describe mass flow rate, flow
resistance, and pressure gradient. This system is analogous to an electrical circuit. The mass
flow rate, flow resistance, and pressure difference correspond to electrical current flow,
electrical resistance, and voltage, respectively. The total resistance can be wr itten as

N 1l (1.+8T)n
R=R 4+ Ry =Lt 200D
s pAK,  pSTAK, =1) ©

and the total voltage wrillen as
V=V +V,=AL + AP, (6)
where AP, = (P,,-P)and AP, = pSAT,. The current, 1, is given by V/R, then a mass flow

rate can be writlen as

m=[AP + AP L (Lt ST,
[ 1 2]/ [p,,AKp pSTAK,, ( L) Y

Substituting Eq.(3) into Eq. (7), it is found that
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This is a very convenientmodel for the phase separation system because it alows us to
consider the liquid and the vapor phases separately. But Eq. (8) is insufficient to describe a
total mass flow rate of the real system, because the real system always has some heat leak
from the downstream side of the porous plug, and the effect may be different for different
systems. Thus, we propose following eguation

. _AK, p .
=Ly p o pyy. P2 y 7
= I &, ],,) + o St (pSAT, )1+ 1, (1) 9

The 11, (T') corresponds [o acreeping mass flow rate caused by a heat leak, which would, in
general, be afunction of temperature.

EXPERIMENTAL RESULTS ANI) D1SCUSSION
General Flow Characteristics

The experimental data of mass flow rate, as plotted against the pressure difference, AP,
between the upstream and the downstream side of the porous plug for several bath
temperatures is shown in Figure 3a, It is found that the mass flow rate becomes small as the
bath temperature decreases. 1t is aso noted that a limit to mass flow rate seems to exist in the
high pressure difference region’, In the initial stage, the mass flow rate increases even
though the pressure difference is very small. We call this region the ‘initial region’. A
hysteresis in the relationship is seen with increases and decreases in the pressure difference,
The upper branch seems nonlinear and the lower branch seems linear. Hereafter, we will call
the upper branch the ‘nonlinear region’ and the lower branch the ‘linear region’. Figyre 3b
show-s- the relationship betwecn the mass flow rate and temperature difference, AT. The
initial region and the hysteresis are also observed in this figure.
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Figure 3. General steady-flow characteristics through a porous plug
a) mass flow rate 1 - pressure difference AP
b) mass flow rate 1 - temperature dif ference Al

The Initial Region

1'0 investigate the initial region more minutely, mass flow rates at the triple points,
where the initial, nonlinear, and linear region lines intersect, are plotied against Ty, in Figure 4.
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Yigure 4. The variation of mass flow rate at the triple pointin the initial region with bath temperature Ty,

Itis seen that the measured flow rate tends to increase with increases in the bath temperature.
The theoretical prediction is compared with the experimental data.  The 71,,, is calculated
from the following: in the initial region, the liquid/vapor phase boundary is assumed to be
located at the upper surface of the porous plug, i.e., the plug is completely filled with liquid.
That way, the P_, and AT, in Eq. (4) correspond to P, and T, respectively, here

pSAT = B, -P, + ?7?008(9)+ng1

> (lO)
= -di AT + 2‘:qcos(())+pgh
(dr y,, R

Rewriting Eq. (1 O), wc find

, _20 ar
A7 R cos(0) + pgh]/[ps {d] }M] an

From Eq. (2), Eq. (11), and the London equation, AVP=pSAT, the 1, iS obtained as
follows

20
SYUAK. B cos(0) + pgh
Mgy :(TFL)*)!F%I R_ S e (12

T ps - l
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The broken line and the dash/dot line in Figure 4 show the theoretical prediction in the case of

0 = O and 8 = 90°, respectively. The best-fittinp, contact angle of the triple point is © = 37°,
which is shown by the solid line, At each point on the line in the initia 1egion, the capillary
forceisdifferent because of the different contact angle*. I 'he contact angle at the triple point
seems to be the same as the contact angle in the linear region. It is found from this figure that
a !iq;jjid/vapor phase boundary is always located at the upper surface of the porous plug in the
initial region.

Hysteresis

The experimental data show a hysteresis in .the high mass flow region. To investigate
this hysteresis, wc have repeatedly cycled the pressure difference through the range shown in
Figures 5a and 5b. Figure 5a shows the relationship between the mass flow rate, s, and
pressure difference, AP, and Figure Sb shows the relationship between ri: and temperature
difference, AT. The experimental data suggest that the upper branch has some broadening,
suggesting that the upper branch is unstable. The lower br anch is relatively stable compared
with the upper branch. In the case of equaltotal p1essure difference or temperature
difference, the mass flow rate in the nonlinear region is larger than that in the linear region.
We explain the existence of hysteresis as follows. As the pressuic on the downstream side
decreases sufficiently, the porous plug behavior moves from that of the initia region to that
of the upper branch, which wc arc caling the nonlinear region. Increased evaporation
produces an increasc in AT,, which drives the liquid/vapor interface into the bulk of the
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porous plug. We expect the meniscus contact angle to be very small in this case, as the
liquid/vapor interface retracts from the previously wetted surface. Conversely, if the
downslream pressure increases, the evaporation rate and the temperature difference decrease,
thus the liquid/vapor interface moves back toward the downstream face of the porous plug.
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Figure 5. Examination of hysteresis behavior
a) mass flow rate N - pressure difference AP
b) mass flow rate M - temperature difference Al

In this case the liquid is moving onto a previously dry surface, and wc expect the contact
angle to be larger. It is this variation in contact angle with change in direction of the
liquid/vapor interface motion which gives rise to the two branches of the mass flow rate
curve, through the change in vapor pressure with surface curvature. The greater stability of
the]c linear branch suggests that the interface is more stable when advancing onto a dry
surface.

The Linear Region and the Nonlinear Region

A phase separator is mainly operated in a high mass flow rate region, Therefore, it is
important to investigate the flow characteristics in these regions. From . (9), wc can
consider the effect of the liquid phase and the vapor phase each separately. Figure 6 shows
the relationship between AP and AT for several bath teimperatures. There is no hysteresis
indicated in this figure. The solid curves indicate saturation vapor pressure. All experimental
data fall just below these lines. This suggests that the phase in the downstream side of the
porous plug is vapor.

The slope of the curve from experimental data in the linear region is compared with the
theoretical prediction in Figure 7. The solid line shows the theoretical prediction of the vapor

phasc and the broken line shows that of the liquid phase. The quantities p, and 1, should be
chosen from T = (T,+T)/2. But we use data for T, here for smplicity because each
experimental data set *has & different T,. The experimental data points arc aways located
between these two lines, The experimental data do not agree with the broken line and fall
near the solid line except in the high temperature region. This disagreement in the high
temperature region is caused by a limitation in our experiinental setup. This figure suggests
that the effect of the vapor phase is much more dominant than that of the liquid phase in the
linear region. It can be also predicted from this figure that the magnitude of hysteresis
becomes small as the bath temperature decreases, because the broken line approaches the
solid line. In fact, the feature can be observed in Figures 3a and 3b.
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The Effect of Gravity

Figure 8a shows the relationship between n and AP for the different hydrostatic
pressure heads h = 1 cm and 10 cm, respectively.
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Figure 8. The effect of pressure head due o gravity
a) mass flow rate1i - pressure dil ference AP
b) mass flow rate 111 - temperature difference Al

Figure 8b shows the relationship between 7ii and temperature difference AT. in the case of a
high hydrostatic pressure head, the mass flow rate i1 is larger, clearly suggesting the effect
of gravity on the mass flow rate. The thcoretical model also predicts this effect, By using

Eq. (4), (9), and (10), the total mass flow rate »i can be written as

AK , dr ST dr 20
= —L Py P = p - {-—f} AT, |+ L {_} AT, + pgh+ — cos(0) | 1+ 1 (T) 13)
1|, 0 arj sup (L.+5T), \ Lar) R

Here, P, P, and 2—_qcos(()) arc constant. If the hydrostatic pressure causes an
bath P R

increase in Ah, the increment of mass flow rate, Arii, can be caculated from the equation
shown above and from Eq.(11) as

4
v
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At = - -
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[ ! dar Svp " p dar svp (14)

Theoretical prediction suggests that the 9 cm hydrostatic pressure difference produces
1.1 mges ™ increased mass flow rate. The experimental data show fairly good agreement with
this value. Eq. (14) predicts that Ari should have a temperature dependence. This has not
been observed yet. Further investigation and more experimental data are required to
investigate this effect.




SUMMARY AND FUTURE WORK

The basic characteristics of a porous plug have been investigated and the following
conclusions were made:

1. Three different flow regions are observed from this experiment and a limit of mass
flow rate seems to exist for large pressure differences.

2. Intheinitia region, it can be considered that a liquid/vapor phase boundary is always
located at the downstream surface of the porous plug.

3. The nonlinear region and the linear region exhibit hysteresis. The linear region is
relatively stable compared with nonlinear region. The hysteresis is produced by
variations in the capillary force caused by changing contact angles.

4. The effect of the vapor phase is more dominant than that of the. liquid phase under
relative] y high pressure- and temperature-difference conditions in the linear region.

5. The magnitude of hysteresis becomes small as the bath temperature decreases.

6. The effect of hydrostatic pressure duc to gravity is understood from simple linear
theory. The theoretical predictions show good agrecment with experimental data.

This experimental set-up has two evacuation systems. One serves porous-plug portion
of the setup and the other maintains a constant bath temperature. But, in the case of an actual
Space mission, there is only onc evacuation line for bath temperature control that is
downstream of the porous-plug. We have a plan to lest porous plugs by using just one
evacuation line. This will allow us to obtain more useful data for the design of a space
application cryostat.
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